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No adequate small diameter vascular prostheses are now commercially available, with the major reasons far 
loss of patency being thrombus formation and neointimal fibrous hyperplasia. This project is designed to 
improve prosthesis function by covalently immobilizing ceU adhesion proteins onto the prosthesis lumen. 
The proteins are expected to improve initial endothelial cell (EC) attachment, subsequent EC growth, and 
ultimately promote the establishment of a stable and non-hyperplastic neointima. Phase I results showed 
that proprietary BSI photoimmobilization technology covalently immobilized active fibronectin and type IV 
coUagen onto four vascular prosthesis materials, with the coated materials showing greatly improved 
attachment and growth of EC's. Phase II proposes to: 1) optimize protein coatings (as evaluated by 
promotion of EC cell attachment and growth in vitro) and then 2) evaluate coated prostheses in vivo for 
improved patency when implanted intrafemorally in dogs. The dog implants will be conducted with and 
without autologous seeded endothelial cells. Also, antithrombic agents (heparin and hirudin) will be 
immobilized along with the cell adhesion proteins and evaluated for effectiveness at inhibiting thrombus 
formation and improving the in vivo development of a stable endothelial layer. Small diameter prostheses 
with greatly improved patency rates would be used for both coronary and peripheral artery reconstructions. 



Provide key words (8 maximum) to Identify the research or technology. 

Vascular Graft, Vascular Prosthesis, Biomaterial, Biocompatible 
Provide a brief summary of the potential commercial applications of the research. 

The technology developments proposed here should greatly improve the long-term patency of 
small diameter vascular prosthesis, and expand the use of artificial prostheses in 
peripheral and coronary reconstruction. 
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: RESEARCH PLAN 
Ao Specific Aims 

The objective of this proposed Phase II research program is to develop an improved small diameter 

' vascular prosthesis that will demonstrate significantly better long-term patency than any currently available 
prosthesis. The project is based on two hypotheses: 1) a vascular prosthesis whose lumen is lined with a 
stable and non-hyperplastic layer of endothelial cells will demonstrate superior long-term patency, and 2) an 
appropriate luminal coating of cell adhesion proteins (possibly with an added antithrombic agent) will 
promote the attachment and growth of endothelial cells to produce a stable and non-hyperplastic neo-intima. 
Four porous vascular prosthesis materials will be coated and evaluated during this project: expanded 

, polytetrafluoroethylene (ePTFE, ref. 1), porous silicone rubber (SR, ref. 2), woven polyethylene terephthalate 
plasma coated with tetrafluoroethylene CTHB-PET, re f. 3), and porous polyurethane (PU, ref.4). BSIY 
proprietary photoimmobilization technology will be used to covalently immobilize cell adhesion proteins and 

[ peptides (with and without antithrombic agents) onto each prosthesis material. The coated prosthesis 
materials will be evaluated in vitro for promotion of endothelial cell attachment and growth and for 

: antithrombic activity. Then coated prostheses will be implanted into dogs (with and without being seeded 
with endothelial cells) and evaluated for endothelial cell growth, thrombus formation, intimal hyperplasia, and 
patency. 

Phase I and other previous BSI results (5-8) show that: 1) cell adhesion proteins and peptides are 
efficiently immobilized onto implant polymers by this photochemistry, and 2) the immobilized cell adhesion 
proteins/peptides improve in vitro endothelial cell attachment and growth on several polymers. Immobilization 
of antithrombic agents (such as heparin or hirudin) in addition to the cell adhesion proteins/peptides may 
improve thromboresistance during the time that endothelial cells are growing to confluence on the prosthesis. 

The specific objectives of this Phase II research are to: 

1. Immobilize cell adhesion proteins (fibronectin, laminin, and type IV collagen), peptides (that 
contain the cell attachment activities of these proteins), and antithrombic agents (e.g., heparin 
and hirudin) onto each polymer material. 

2. Conduct in vitro assays to: 

a. Optimize the levels of immobilized proteins or peptides required to maximize attachment 
and growth of isolated vascular endothelial cells (both canine and bovine). 

b. Optimize the activity of each antithrombic agent. . 

; 3. Implant coated and uncoated prostheses in dogs (with and without being seeded with 

autologous dog vascular endothelial cells) to evaluate endothelial cell growth, thrombus 
formation, intimal hyperplasia, and patency. 
4. Conduct in vivo toxicity studies to evaluate the prosthesis coatings. 
The coatings developed in this project can be readily adapted to current manufacturing processes and 
should greatly improve endothelialization and long-term patency of small diameter vascular prostheses. 

Bo Sigifficaece 

Currently available small diameter vascular prostheses (<4 mm) are inadequate [9], with failure usually 
resulting from thrombus formation (short-term failure) or neointimal fibrous hyperplasia (long-term failure) 
[10], Until recently, the usual approach to improving the biocompatibility of vascular implants and other 
implant devices was to use materials that react as little as possible with surrounding tissues [9,11]. However, 
there is an increasing recognition that no implant materials are truly inert. This has led to the development 
of materials and surface modifications that promote tissue interaction to produce a stable tissue-implant 
interface [6,9,11]. Clearly, the nature of the interfacing biomaterial surface governs the processes which are 
involved in biological responses to materials. If this interaction results in overgrowth of the implanted 
material by one or more layers of cells but is not accompanied by thrombus formation, hyperplasia or 
inflammation, the resulting tissue-coated material would be tissue compatible [6,9,12,13], and would also 
resist bacterial growth [14,15]. For small diameter vascular prostheses, it would be especially useful to 
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promote the adhesion and growth of vascular endothelial cells to line the luminal surface, thus producing 
superior blood compatibility. 

One approach to promoting endothelial cell attachment and growth on prostheses would be to 
immobilize cell adhesion proteins derived from the extracellular matrix that are known to promote these 
processes. Cell adhesion is a multi-step process consisting of an initial attachment (characterized by weak 
binding and little cell shape change) followed by stronger adhesion and cell spreading [review by ref. 16]. 
The initial attachment can be mediated by non-specific binding between cells and a protein-free substrate, 
whereas adhesion and spreading generally require specific ligand-receptor interactions between the cell and 
proteins on the substratum surface [16,17]. 

Proteins known to mediate cell adhesion in vitro and in vivo include collagen, fibronectin and laminin 
[17-19]. Of the several types of collagen that have been identified, type IV is most often reported to 
promote cell adhesion [19,20]. Fibronectin and type IV collagen are each reported to mediate the adhesion 
of numerous cell types (including endothelial cells), whereas laminin is reported to be more specific for 
epithelial cells [17-20]. Also, type IV collagen has been isolated from the human aorta and localized in the 
subendothelium [21]. Therefore, fibronectin and type IV collagen would seem to be good choices for 
promoting the attachment and growth of endothelial cells on vascular prostheses. 

An immediate concern in using these proteins is that factors that promote cell adhesion might also 
promote platelet aggregation and thrombosis. Although this is true for types I and III collagen, current 
evidence indicates that type IV collagen is not thrombogenic either in solution or in its in vivo conformation 
[21 A]. Both fibronectin and type IV collagen are reported to induce some platelet attachment, but neither 
promotes platelet activation nor aggregation [21 A]. Therefore, both proteins should be non-thrombogenic and 
suitable for use with vascular protheses. 

Endothelial cell seeding procedures often use adsorbed fibronectin to promote the adhesion of isolated 
endothelial ceils to the luminal surface of small diameter vascular grafts (e.g., several studies in ref. 9). 
Although these procedures have resulted in some endothelialization and improved patency in dogs, baboons, 
and apparently even man [22], most of the cells are lost upon exposure to blood flow [23]. An improvement 
on this approach might be to covalently immobilize the proteins. BSI had a recent SBIR Phase I project 
which immobilized cell adhesion proteins onto polystyrene microcarriers to improve cell attachment in 
agitated bioreactors [24]. Results from this project (shown in Figure 1) demonstrate that gelatin covalently 
bound to the polystyrene beads (GOV GEL) produced greater attachment and retention of each cell type 
(Vero and CHO cells) in an agitated medium than did gelatin that was adsorbed (ADS GEL). Similarly, we 
would expect covalently immobilized cell adhesion proteins to improve the attachment and retention of 
endothelial cells on vascular prostheses exposed to blood flow; thus increasing the probability of producing 
complete and stable endothelialization of the prosthesis lumen. Complete endothelialization would have the 
dual benefits of producing both a non-thrombic surface and inhibiting smooth muscle invasion of the 

pseudointima [10]. •, . 

Utilizing native cell adhesion proteins to modify implant device surfaces would present two potential 
problems: 1) these proteins are quite large and lose biological activity upon being denatured; therefore special 
handling and storage procedures would be required for a commercially marketed prosthesis coated with these 
proteins; and 2) FN and IV COL are derived from human blood and tissue, respectively, and would require 
verification that they are free of human viruses. Fortunately, the cell adhesion and growth promoting 
activities of these proteins reside in specific, localized regions that are rapidly being identified, sequenced, 
and synthesized. The first two such regions to be reported were the peptide sequences RGD in fibronectin 
[26] and YIGSR in laminin [27]. Each cell adhesion peptide has been synthesized, immobilized, and reported 
to stimulate attachment of specific cell types with similar biological activity as the native protein [26,27]. 
Recently, additional regions of FN and LM and a region specific to IV COL have been reported to stimulate 
adhesion and growth by other cell types [28-31]. Such peptides would provide stable and inexpensive 
substitutes for the intact proteins, and could be immobilized onto polymers to avoid both the need for special 
storage requirements and problems associated with proteins derived from human tissues. 
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ATTACHMENT OF CELLS TO POLYSTYRENE 
MICROCARRfERS COATED WITH GELATIN 




TIME IN MINUTES 
Figure 1. Cell attachment to immobilized gelatin in a stirred bioreactor. 

BSI has just completed a SBIR Phase I project to develop procedures for immobilizing cell adhesion 
peptides onto cell culture surfaces [32]. Three peptides derived from FN (RGD FN peptide) and LM (F-9 
and D-12 LM peptides) were compared to intact FN, LM, and IV COL for promotion of endothelial cell 
attachment and growth (Figure 2). All three peptides promoted endothelial cell attachment comparable to 
intact FN and LM, but four-fold less than IV COL (Fig. 2A); however the peptides produces subsequent 
growth of endothelial cells that was greater than IV COL (Figure 2B). We anticipate that ongoing research 
to identify attachment peptides in IV COL will lead to peptides that promote endothelial cell attachment 
comparable to intact IV COL [e.g., ref. 31]. Procedures developed in the peptide Phase I project will be 
utilized in this proposed Phase n project to immobilize onto prosthesis polymers specific cell adhesion 
peptides that promote the adhesion and growth of vascular endothelial cells. 

Although cell adhesion proteins promote the attachment and growth of cells on polymer surfaces, the 
rate of colonization and selectivity for endothelial cells might be increased by the use of growth factors. 
Such a use of growth factors to promote endothelial cell ingrowth from surrounding tissue was recently 
proposed by Sharefkin et al [25]. Endothelial cell growth factor and other growth factors are reported to 
stimulate the growth of vascular endothelial cells [33]. However, growth factors are very expensive to 
purchase and unstable upon storage; therefore, they do not appear to be good candidates for a commercial 
vascular prosthesis. No experiments using immobilized growth factors are planned in Phase n. 

The goal of this project is to achieve biocompatibiUty by promoting the attachment and growth of 
endothelial cells. As was indicated in the "Specific Aims" section, vascular prostheses will be coated with 
cell adhesion proteins or peptides and implanted with and without being seeded with homologous vascular 
endothelial cells. Once the endothelial cells have grown to confluence, the surface should be 
nonthroipbpgenic. However, unseeded prostheses and areas not totally covered with seeded cells may not 
be completely compatible with blood during the time prior to complete cell overgrowth. When placed in 
contact with blood, areas not covered with cells will be subject to adsorption of serum proteins which then 
provide attachment sites for the subsequent adhesion of platelets and leukocytes [35,36]. In an attempt to 
minimize this potential problem, antithrombic agents will be immobilized along with the cell adhesion 
proteins and peptides. 
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Figure 2A. Endothelial cell 
attachment to polystyrene coaled 
with cell adhesion proteins and 
peptides. 
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Figure 2B. Cell growth on 
polystyrene coated with cell 
adhesion proteins and peptides. 



Of the various classes of antithrombic agents, four types act at cell surface receptors and might be 
effective if immobilized onto polymer surfaces. These are heparin, hirudin, prostacyclin, and the fibrinolytic 
enzymes, streptokinase and urokinase [35-38]. Two of these agents (heparin and hirudin) will be evaluated 
in this project; we believe these two agent§ are most likely to both be effective when immobilized and be 
compatible with subsequent cell overgrowth. Immobilized heparin has been reported to retain its 
anticoagulating activity [39,40] and to also inhibit thrombus formation in in vitro [35], and in vivo systems 
[41]. It has the additional property of inhibiting smooth muscle proliferation without inhibiting endothelial 
cells [42], Some heparin preparations have been reported to induce platelet aggregation [36,43]. This 
undesirable action of heparin can be minimized by using low molecular weight fractions of heparin (MW 
1,500 to 8,000 daltons), which are reported to retain in vitro antithrombic activity while producing 
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considerably less aggregation of platelets than does unfractionated heparin (MW 3,000 to 40,000 daltons) 
[43,44], BSI is currently developing procedures to immobilize heparin using our photochemistry [44A], 
i: Also, in a recently completed SBIR Phase I project, BSI has developed procedures to immobilize hirudin, 
the leech anticoagulant protein [45]. The immobilized hirudin binds thrombin with a stoichiometry of about 
one thrombin per two hirudin, and almost completely inhibits the proteolytic activity of the thrombin [45]. 

The photochemistry used to covalently immobilize biomolecules during this project has not previously 
been used for medical devices implanted into humans. Therefore, their potential toxicity is a significant 
concern. BSI has recently had reagent samples evaluated for toxicity by independent testing laboratories. 
The reagent tested consisted of benzoylbenzoyl polyethylene glycol (BBA-PEG). BBA is the photogroup 
used in Phase I and proposed for the Phase II study. PEG is a polymer well-known for its biocompatability 
and was coupled to the BBA by chemistry similar to that used to couple BBA to the biomolecules used in 
this project. The BBA-PEG was evaluated after being photoactivated, so that potential toxicity of both 
photoactivated and any residual unreacted photogroups would be evaluated. An Ames Salmonella/mammalian 
microsome mutagenicity test was performed by North American Science Associates, Inc. (Northwood, OH). 
The test evaluated 1 gm of BBA-PEG suspended in 10 ml of 10% saline (which is a several thousand fold 
higher concentration than would be associated with implanted materials), and results showed neither inhibition 
of growth nor mutagenic changes in Salmonella typhimurium. The other test evaluated photoactivated BBA- 
PEG for growth inhibition and cytotoxicity of Chinese hamster ovary (CHO) cells and was conducted by SRI 
International (Menlo Park, CA). Their report to BSI stated that "No effects were observed on cell growth 
and cloning efficiency after treatment of the cells with the test material (0.01 to 3 |ig/well) with and without 
rat liver S9, and protein synthesis values for the treated cultures at the highest concentration were within 79% 
of the control values." S-9 is an Aroclor 1254-induced rat liver homogenate preparation used to 
metabolically activate the sample, and 3 jig of BBA-PEG per well is estimated to be 30 times the photogroup 
concentration that would be associated with an implant device. These results show no evidence of toxicity 
by photoactivated BBA. 

In an additional toxicity assay, PEG, human serum albumin (HSA), and hyaluronic acid (HA) were 
photoimmobilized onto polysulfone dialysis fibers, implanted subcutaneously into mice, and evaluated by a 
pathologist after 8 and 15 days [45 A]. The histopathology evaluations showed no evidence of toxicity when 
evaluated for the size of fibrous encapsulation, the number of macrophages present, and presence of 
hemorrhage or necrosis. All of the coated materials were at least as biocompatible as uncoated materials, 
with slightly reduced fibrous capsules being observed around the samples coated with PEG and HA. These 
r two sets of toxicity assays showed no evidence of toxicity when BBA was coupled to PEG or was used to 
photoimmobilize PEG, HSA, or HA; therefore it seems unlikely that the photochemistry will demonstrate 
toxicity when used to immobilize other biomolecules. 

The literature summarized in this section supports our hypothesis that extracellular matrix proteins 
(with or without antithrombic agents) immobilized on vascular prostheses will promote attachment and stable 
overgrowth of endothelial cells. Once cell overgrowth occurs, the prosthesis should show long-term blood 
compatibility and improved patency. 

Co- " Relevant Experience 

The Principal Investigator, Di (Manager of Biological Research), has fifteen years of 

graduate and postgraduate experience m me fields of cell biology, biochemistry, and biomaterial surface 
modification. He also has earlier experience (from 1967-1969) as a surgery technician in heart research 
laboratories where he conducted or assisted in several open-chest operations on dogs each week for nearly 
two years (see "Biographical Sketch"). He has fifteen publications in refereed journals in the area of 
receptor-mediated cell activation, with emphasis on calcium regulation in cultured rat gonadotrope cells [46] 
and sea urchin eggs [47-49]. In the latter system, he discovered two previously unknown "second messengers" 
that release calcium from intracellular stores [48-49]. 

Since joining BSI in late 1986, he has: 1) continued research into calcium regulation (by synthesizing 
specialty IP 3 reagents); and 2) utilized BSFs proprietary photoimmobilization technology to modify 
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UNDER THIS GRANT. 



SEE PAGE TWO 



TERMS OF ACCEPTANCE: By acceptance of funds awarded under this grant, the grantee acknowledged that It will comply with terms and conditions In the following: (1) Legislation cited above; (2) 
Regulations cited above; (3) Special provisions noted above under remarks or attached to this notice; (4) 45 CFR Part 74 or 62, as applicable; (5) PHS Grants Administration Manual; (6) PHS Grants 
Policy Statement. The above order of precedence shall prevail. 



FY— Common Accounting Number 

0-8424277 


CRS/Entlty Identification No. 
1411356149A1 


PHS List NoJObject Class Code 
^ i /41.4B 


Document Number 

(08)R3HL40280B 


TO^er^T^s 4 >flS9WdANI, M.D. 
DIRECTOR 

DIV OF HEART & VASCULAR DISEASES 
NAT. HEART , LUNG, & BLOOD INST . 


PHSfcranti Management Official /% 9 

./(^ANTSbPER ATI ONSBRAN^^', - 
M25IVISION OF EXTRAMURAL AFFAIRS 
NAT. HEART , LUNG , & BLOOD INST. 
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